The modeling of a compact fluorescent lamp for harmonic analysis under terminal voltage variation is presented in this paper. The compact fluorescent lamp is represented with the diode bridge rectifier model, which is commonly used for harmonic analysis. The set of parameters is estimated for different values of the terminal voltage applied to the lamp. The equations to estimate the parameters and the required measurements to calculate them are presented. To characterize the lamp an experiment is carried out varying the RMS terminal voltage from 10 V to 131.6 V and for each terminal voltage value the apparent, real and reactive powers, the power factor, the current and the applied voltage are registered. To validate the model in the range of the terminal voltage, the total harmonic distortion of current calculated with the experimental signal and the total harmonic distortion of current calculated with simulation software are compared. The results show that the compact fluorescent lamp can be represented for one set of parameters in the operation range of the terminal voltage suggested by the manufacture.
INTRODUCTION
The efficient use of power energy is one of the main objectives of the power industry and particularly the use of compact fluorescent lamps (CFLs) and LED lamps has been a contribution to obtain better energy efficiency. In 2014 the percentage of several lamps used as lighting technology was: 22% for incandescent light bulbs, 12% for halogens lamps, 28% for CFL, 3% for LED lamps, and 35% for linear fluorescent tubes. A fall to less than 4% of incandescent lamps is expected by 2022 [1] . Those incandescent lamps will be replaced by compact fluorescent and LED lamps. The replacement will be driven for the low power consumption of CFLs and LED lamps in contrast with traditional incandescent lamps [1] , [2] . However, the massive presence of these highly nonlinear loads in the power distribution systems has generated knew challenges to utilities to keep a good quality of power [3] . Therefore, the big scale use of the lamps has generated an increase in the harmonic distortion of current and consequently, problems related with that phenomenon [4] - [6] . Another problem introduced by CFLs is their low power factor and its consequences as power losses, high voltage regulation, and active power capacity reduction in feeders [7] .
To anticipate the problems generated by a massive insertion of small nonlinear loads, several investigations have focused on characterizing and predict the increase of harmonic currents due the CFLs. Some authors have used emulators [8] , and others mathematical models [9] - [14] . In [8] the authors recognize the non-linear characteristic of CFLs and the consequently distortion introduced to the power network. In order to study the effects of the CFL non-linear characteristic, the authors propose a memristor emulator circuit, which is able to represent the non-linear characteristic of several CFLs.
Some of the commonly used models to predict the impact of the compact fluorescent lamps over the power distribution systems are the equivalent circuit based on diode rectifier bridge and models in the frequency domain as the model of matrix of coupled admittances. In [15] , the authors analyze the impact on current distortion of multiples loads while the feeder length, the supply voltage distortion, and the number of connected CFLs are varied. The analysis was based on simulations using the diode bridge rectifier model of CFLs. In [9] and [11] , the authors evaluate the model of matrix of coupled admittances. In [9] , the authors propose four simplifications to the model of the matrix of coupled admittance and analyze the precision of the results and the processing time during the simulations. In [11] the equivalent circuit of a CFL is used to derive the equations of the circuit. Later, several methods to estimate the parameters of the circuit are presented. Finally, the authors propose a reduced model and evaluate the impact of the amount of CFLs over the Total Harmonic Distortion (THD) of current through simulations.
In [10] and [13] the equivalent circuit of a CFL is presented. In [10] the model is modified adding a resistance in series with the voltage source increasing the precision of the model when it is compared with the equivalent circuit presented in [11] . Based on this well-known circuit, the authors of [10] and [13] presents an estimation method, which is compared with an estimation method presented in [14] . The method presented in [13] offers better results estimating the parameters.
Despite the large amount of studies in modeling and characterization of CFLs for harmonic analysis, the impact of the changes in the operating point of the voltage source over the THD of current has not been analyzed in all the range of the terminal voltage of the lamps, e.g. in [3] a characterization of the variable waveforms of CFLs is realized for several values of the terminal voltage registering the changes of the waveforms and analyzing their nonlinearity; however, the CFLs are not characterized in low values of the terminal voltages.
Studies carried out in [16] and [17] have characterized the impact of the THD of voltage of the distribution system over the THD of current produced by a CFL with electronic ballast, finding that increasing the THD of voltage changes the THD of current; however, an analytical relation between this variables is not defined.
A model commonly reported in literature to represent residential nonlinear loads is an equivalent circuit based in a diode bridge rectifier [2] , [14] , and [18] . In [14] the authors evaluate the representation of the model for 12 CFLs of different manufacturer. The reported validation errors are lower than 10% for 11 of the 12 evaluated lamps. However, the lamps were only feeding with their rated voltage. The last results show that model based on diode bridge rectifier is a close representation of the CFLs. For that reason the model based on diode bridge rectifier is selected in this work to represent the CFLs.
The objective of this paper is to model compact fluorescent lamps, from experiments that vary the terminal voltage from zero to higher values than the rated one, for harmonic analysis of distribution systems. The CFL are represented with a model based on diode bridge rectifier, which is commonly reported in the scientific literature as a sufficient representation of CFLs. Consequently, the procedure to estimate the parameters of the model is described in detail. To obtain the required registers by the estimation, an experimental characterization of the load is carried out. During the experiment a CFL is feeding with 32 different values of terminal voltage, which are between 35.7 V and 131.6 V. This characterization shows the impact generated by the change of the distribution system voltage over the total harmonic distortion of current produced by a CFL. The validity of the model is evaluated comparing the THD of current calculated from the experimental signals versus the THD of current calculated from the software of circuital analysis PSIM® when the model is simulated. The results show that harmonic distortion of current is constant as long as the CFL is powered with a voltage value between the values of the range of operation reported by the manufacturer. Therefore, only one set of parameters can be used to represent the lamp. If a power analysis requires obtaining the harmonic content of a CFL powered with a lower voltage than the range of operation, the parameters of the circuital model should be obtained for the specific value of the applied voltage.
The rest of the paper is organized as follow: Section II describes the methodology to model the CFLs in all the range of their terminal voltage. This section includes the model selection, the process to estimate its parameters, the description of the experiment carried out, and the validation method. Then, Section III presents the characterization of the load, which is intended to obtain the impact that produces the variation of terminal voltage over the THD of current produced by the load. Then, the THD of experimental currents and simulated currents are compared. Finally, the conclusions close the paper.
METHODOLOGY
The methodology consists in selecting the model based on a diode bridge rectifier to represent the CFLs and a method to estimate its parameters. Later an experiment is carried out varying the terminal voltage of the lamp and its variables are registered in each operating point. Then, the parameters of the model are estimated in each operating point and later the model is simulated in each operating condition through the PSIM® software. Finally, the total harmonic distortions calculated from experimental currents are compared with the total harmonic distortions calculated from the simulated currents.
Model based on a Diode Bridge Rectifier (DBR) and parameter estimation
Several residential nonlinear loads are represented by a single phase equivalent circuit of a diode bridge rectifier, see Fig. 1 . The CFLs have been closed represented by that model when the lamps are powered in it rated voltage. The model includes in its input an inductor L, which is in series with the rectifier bridge. The rectifier circuit powers a resistance R, which represents the power consumed by the load. The capacitance C is included to reduce the ripple in the resistance. The interaction of these three parameters defines the circuit dynamic and the shape of the current waveform drawing by the circuit.
arameters L, C, and R are estimated from the waveform analysis of the source voltage and the current drawn by the circuit. For simulations the circuit should by powered with a source voltage purely sinusoidal. In Fig. 2 there is the comparison of the waveforms of voltage Vs(), and current i(). Aditionally, the direct current voltage Vdc() is included and the inverse of the source voltage to draw the measures that allow estimating the parameters. The waveforms are presented as a function of ° given in radians to simplify the analysis. The source voltage is taken as reference and specifically its positive maximum value. The measures highlighted in Fig. 2 are registered, where B is the magnitude of the current pulse measured in A, α is the firing angle of the current pulse in rad, max is the angle of the maximum value of the current pulse in rad, and δ is the fall angle of the current pulse in rad.
Once the values of B, α, max, and δ are registered, and additionally the fundamental frequency and the harmonic spectrum of the source voltage and the power consumed by the load, it is possible to estimate the parameters L, C, and R of the CFL model. To estimate L and R the rectified voltage Vdc should be calculated, therefore the source voltage Vs is expressed as the sum of the harmonics that compose it (1). .
(
Where, h is the order for each harmonic, H is the last harmonic present in the spectrum, θ = ωt = 2πft, f is the fundamental frequency, and t is the time, φh is the phase angle for each harmonic and Vh is the corresponding voltage amplitude.
On the other hand, it is possible to describe the source voltage with a different expression (2), which is derived from the analysis of the equivalent circuit of Fig. 1 .
In Fig. 2 it is observed that Vdc and −Vs are equals in the radians corresponding with the start of the current pulse α, therefore an expression to calculate Vdc, when θ = α is obtained (3) .
To estimate the inductance L, (2) is integrated between α and max, where α ≤ max ≤ δ and the Vdc value is assumed constant in time (4) . Because i (α) =0, it is possible to solve i (max) from (4) and obtain (5).
From Fig. 2 it is observed that:
Equating (5) and (6), an expression to estimate L is obtained (7) .
To estimate the resistance value R, again the Vdc value is assumed constant in time and equal to the value calculated in (3), and solved from (8).
An expression to estimate R from the power consumed by the load PR, is presented as (9) .
To estimate C, the model is simplified neglecting the inductance. So, the ripple of the rectified voltage oscillates between two values, Vdcmax and Vdcmin. If in some moment the value of Vdc falls until 0 VAC with the same slope of the oscillation, the decay time would be estimated as RC seconds, therefore Vdc can be expressed with (10) .
Finally, solving C from (10) allows estimating the capacitance value from (11) .
During the estimation of the parameters it is observed that there is a high sensibility in the parameters value depending on the resolution of waveforms in Fig. 2 and consequently in the precision of the measures in the figure.
Design of an experiment to characterize a compact fluorescent lamp under the variation of its terminal voltage
In order to characterize the behavior of a CFL under the variation of the distribution system voltage, and to estimate the parameters of a DBR model that represent the CFL under the same variation, the next experiment is proposed. Two important elements are required to carry out the experiment. An AC voltage supply able to vary the supply voltage from 0% to 110% of the nominal voltage of the lamp and a power logger able to register the voltage and current waveforms, its RMS values, harmonic spectrums, THDs, and the fundamental frequency. Those measurements are used to estimate the parameters of the model in any point of operation. Also, the apparent, real, and reactive power, and the power factor should be registered with the power analyzer, and those measurements are used to characterize the behavior of each variable versus the supply voltage variation. Fig. 3 . shows the several measurements that are registered with a power logger. In the figure, the measurements correspond to an 85 VAC. In the first step, the CFL should be powered with 110% of its nominal voltage and all the variables mention above must be registered. Then, the terminal voltage is reduced in steps of 2 V until reach 90 V, registering the variables of the CFL in each voltage value. 2V were selected as the voltage step in the range of 75% and 110% of the nominal voltage because that is the average operation range proposed by the manufacturers of several CFLs. Then, the voltage
V dc ≈ (V dc max +V dc min ) 2=V ac max (1-T 4RC ⁄ ) ⁄ (10) is reduced in steps of 5 V until the lamp is turned off or an operation failure is reached. Fig. 4 . Before to start the experiment, the no load characteristic of the generator is drawn in order to identify its linear zone and avoid the magnetic saturation effect over the measurements. The CFL is connected to the generator between lines 2 and 3 avoiding the magnetic saturation zone.
RESULTS AND DISCUSSION
Once the voltage source is characterized, the CFL is connected to the generator and the voltage is varied from 131.6 V until 10 V. The CFL worked until 35.7 V, but data was recorded even when the CFL was off. The variables were registered using the three phase power logger Fluke 1735. It is important to highlight that any power logger with the capacity of register the variables just mentioned, can be utilized. During the experiment more than 32 different voltages were applied to the CFL and the required variables were registered. The behavior of the CFL variables presented in Fig. 5 is validated in contrast with the results reported in [3] . In [3] the authors present the variation of nominal voltage, from 100% until 50%, of a compact fluorescent lamp while its voltage, current, active power, power factor and THD are recorded. Also, the parameters values of a model that represent the CFL are presented for each voltage value. It is possible to compare the behavior of the variables reported in [3] with the results reported in this work. In both cases the active power is increased proportionally to the increase in the terminal voltage. The power factor variation is small taking the nominal power factor value as a reference.
This situation is reported in both cases; also the power factor variation is close to 0.6 when the terminal voltage is changed in the range of 100% to 50% of the nominal voltage. The THD of current reported in both cases presents different behaviors. In [3] the THD of current varies proportionally to the terminal voltage while the measured THD of current reported here, is practically constant in the range 100% and On the other hand, to highlight the relationship between the terminal voltage source and the CFL current, in Fig. 6 the waveforms of these two signals are presented. On the bottom left side of Fig. 6 , current waveforms corresponding to terminal voltages between 35.7 V and 87.1 V are presented. The shapes of those waveforms are different from each other, that difference is also evident in the behavior of THD of current in Fig. 5 . Therefore is these type of CFL is summited to voltages below 87.1 V, the current harmonics will vary increasing the risk to find or excite some resonance frequency in the electric system.
The waveforms of the top (left and right) are the corresponding currents to terminal voltages between 91.4 V and 131.6 V, this is the operation range of the CFL. Those waveforms are slightly different from each other and consequently their THD also vary smoothly as can be seen in Fig. 6 On the bottom right side of Fig. 6 the voltage waveforms of four values are presented. The waveforms are sinusoids that increase the harmonics presence when the voltage value is increased. However the variation of the THD of voltage is in the range of 4 % and 9 %, see Fig. 5 . 
Parameters of a CFL model for different source voltages
Because the objective of this work is to model a CFL for harmonic analysis during terminal voltage variation, the procedure described above is used to estimate the parameters Vdc, R, L, and C, for 32 different terminal voltages. The values of the four parameters are plotted versus the terminal voltage to identify tendencies in the parameter values and relationships with variables plotted in Fig. 5, See Fig. 7 . Vdc has a linear variation respect to terminal voltage in the range of 61.7 V and 121 V. The parameter R varies with the square of Vdc, for that reason the range of variation is in the order of 700 . The value of the parameter with the smallest range of variation is L, its value varies between 5 mH and 50 mH. A clear relation between THD of voltage and L parameter could be observed. With this relation it is concluded that THD of terminal voltage is reflected in the inductance value of the CFL model. The relation is observed in (7).
Validation of a CFL model under source voltage variation to harmonic analysis
The model of the CFL is simulated using the corresponding set of parameters which were estimated in each operating point of the terminal voltage. From each simulation, the corresponding THD of current is obtained. Validation is made comparing both THD of current, from measurements and from simulations of the model with the parameters corresponding to each operating voltage. Simulations are carried on with a pure sinusoidal waveform of the terminal voltage; therefore THD of current obtained in each simulation is produced by the nonlinearity of the CFL without effect from THD of terminal voltage. This situation adds some uncertainty in validation results. In order to develop a cross validation of the estimated parameters, the following procedure was carried on. The DBR model was simulated using four set of parameters and for each set, the model was feeding with a pure sinusoidal waveform with the rms voltage values used during the experiments. The set of parameters correspond to the lowest voltage 35 V, the rated voltage 120 V, the biggest voltage 130 V, and the voltage where the THD of current from simulation was closer to the experimental THD of current, i.e. 97 V. Fig. 9 shows the comparison of the measured THD of current versus THD of current calculated with the four set of estimated parameters. It can be concluded that simulating a model with one set of parameters and different rms values of the terminal voltage without harmonic components, will result in the same THD of current for all terminal voltages. The THD of current does not depend on the terminal voltage value when the terminal voltage is a pure sinusoid. Because the set of parameters corresponding to 120 V and 130 V produce a similar THD of current, Fig. 9 shows two lines close between them.
Because the THD of current is the same for all terminal voltage values, the set of parameters that produces the lowest difference with the measured THD of current in the operation range can be selected to represent the CFL in harmonics analysis, where the terminal voltage varies around the rated voltage. In this case, the set of parameters corresponds to 97 V. Other set of parameters should be selected to obtain the lowest error in the THD of current along the whole range of the terminal voltage evaluated in this work. Figure 10 shows the comparison of relative errors calculated with two set of parameters. One set corresponds to the rated voltage of the CFL, 120 V, and the other set corresponds to 97 V. If the DBR model is simulated with the parameters estimated in 97 V, the relative error determining the THD of current will be under 6% in the voltage range of between94 V and 131.6 V.
The results reported in Fig. 9 can be compared with results obtained in [3] , where a CFL was also powered with a terminal voltage variation. When the validation stage reported in [3] is compared with results reported in Fig. 9 , some matches are found. In [3] the authors state that the current waveform of the lamp has been modeled by a mathematical function and in all cases. The adjustments of parameters is accurate, therefore the authors suggests that the model may be used to represent the type of lamp used in the experiments. In this case, the DBR model exhibits small errors in the voltage operation range reported by the manufacturer when the experimental THD of current is compared with the simulated THD. From this comparison is concluded that both models can be used to represent a CFL in the voltage operation range reported by the manufacturer. In [3] the authors report a set of parameters for each terminal voltage value. Here, one set of parameters is suggested to be used to represent a CFL in the whole variation range of voltage reported by the manufacturer. 
Improvements in the stages of the modeling process of a CFL
In this section, several approximations in the modeling process are highlighted to improve the representation of CFLs using the DBR model. First, the selected model is an ideal circuit; see Fig. 1 , which does not include some typical elements as snubber protection. Also, several CFL utilize different circuits that could be implemented to represent the specific lamp. However, more detail in the model introduce more computational load.
Other approximation origins in the estimation process, which is graphical-based from an ideal waveforms comparison; see Fig. 2 . When the estimation process is running the waveforms content harmonics and also noise is present in the signals, introducing challenges in order to register the required magnitudes. A sensibility analysis of model parameters R, L, C, and Vdc respect to the precision of angles α, δ, and max, and magnitude B measurements, will define the uncertainties for specific operating conditions of the CFL. Finally, in the validation process, the harmonics components which are present in the experimental terminal voltage should be included in the waveform to simulate the circuit. This uncertainty corresponds to the input of the DBR model and not to the DBR model itself.
CONCLUSIONS
The modeling of a compact fluorescent lamp for harmonic analysis under terminal voltage variation was presented in this paper. The DBR model was selected to represent the CFL. The methodology to estimate the parameters of the DBR model was presented in detail. This methodology has been widely reported in literature to calculate the parameters of the DBR model. Additionally, an experimental bench was implemented to obtain the measurement required to estimate the parameters. Taking to account the objective of the model, the validation stage consists of a comparison of the THD of current of the experimental signal and the THD of current of the simulated signal using the DBR model.
The CFL evaluated can be represented with the DBR model and one set of parameters. It is possible to choose the set of parameters that produce the lowest error in THD of current, in the range of voltage operation suggested by the manufacturer. Other set of parameters can be selected to obtain a better representation in the range of voltage operation proposed in this work. Future work is presented in order to reduce the uncertainties during the modeling process. Sensibility analysis of the parameters with respect to graphical measurements is required. Also, new simulations including the harmonic components of the terminal voltage will increase the scope of the results presented in this paper.
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